Purpose This study investigated which of the reciprocal stimuli between articular chondrocytes (ACs) and mesenchymal stem cells (MSCs) played the more important role in enhancing cartilage matrix formation, and examined the relative importance of physical contact and soluble factors in the co-culture system. Methods Rat ACs and bone marrow MSCs with green fluorescent protein (GFP-BMSCs) were co-cultured in vitro with or without direct cell-cell contact at the ratio of 2:1. After co-culturing in direct cell-cell contact, ACs and GFPBMSCs were separated by flow cytometry. The effects of different co-culture methods were analysed by quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) and western blotting. Results SOX-9, COL2 and aggrecan mRNA levels and protein expression in ACs co-cultured with direct cell-cell contact were significantly higher than in ACs co-cultured without direct cell-cell contact; and similar results were found in GFP-BMSCs. After co-culture either with or without direct cell-cell contact, mRNA levels and protein expression of SOX-9, COL2 and aggrecan in GFP-BMSCs were significantly lower than in ACs in the equivalent coculture systems. Though the expression of chondrocytespecific proteins in GFP-BMSCs was enhanced, the protein expression was still much lower than in ACs cultured alone. Conclusions Reciprocal interactions exist between ACs and BMSCs in co-culture. The stimulating and supporting effects of BMSCs on ACs were more important in enhancing cartilage-matrix formation than the reciprocal effect of ACs on BMSCs. Both soluble factors and direct physical contact occur in AC/BMSC co-cultures, with physical contact playing a predominant, or at least very important role.
Introduction
Articular chondrocytes (ACs) and mesenchymal stem cells (MSCs) are common sources of seeding cells for cartilagetissue engineering. However, each is associated with disadvantages when applied individually to the construction of tissueengineered cartilage. Thus, MSCs have been co-cultured with ACs to reduce the number of required chondrocytes, promote chondrogenic differentiation of MSCs and enhance cartilagematrix formation [1] [2] [3] [4] [5] [6] . However, the mechanisms behind the interactions between ACs and bone marrow mesenchymal stem cells (BMSCs) in co-culture have not been fully clarified.
Most previous studies have focused mainly on the induction and promotion of MSC chondrogenesis via co-culture with chondrocytes. Chondrocytes can secrete numerous differentiation and growth factors to induce and promote the chondrogenic differentiation of MSCs [7] [8] [9] . The trophic function of MSCs in stimulating and supporting chondrocytes has also recently been investigated [10] . However, the relative importance of the reciprocal stimuli between ACs and MSCs in enhancing cartilage-matrix formation remains unknown.
Previous studies have demonstrated effects of both soluble factors [8, [11] [12] [13] and direct physical contact [5, 14, 15] in co-culture systems. Both these represent important aspects of the interactions between ACs and MSCs. However, the relative roles of these methods of interaction in cocultures are still unclear.
The aim of this study was to investigate which of the reciprocal stimuli between ACs and MSCs played the more important role in enhancing cartilage matrix formation, and to examine the relative importances of physical contact and soluble factors in the co-culture system.
Materials and methods
All experimental procedures involving animals conformed with the National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals and were approved by the Administration Committee of Experimental Animals, Jiangsu Province, China.
Isolation and culture of ACs
Articular cartilage was harvested in a sterile environment from the weight-bearing section of the distal femur of Sprague-Dawley rats. ACs were separated, digested and cultured as described previously [16] .
Isolation, culture and characterisation of BMSCs
BMSCs from four-week-old green fluorescent protein (GFP)-transgenic Sprague-Dawley rats (supplied by Jiangsu Key Laboratory of Neuroregeneration, Nantong University) were harvested and cultured as described previously [17] . BMSCs at passage three were induced into adipogenic [18] , osteogenic [18] and chondrogenic lineages [19] , respectively. (Fig. 1) 3. Co-culture and study design Primary ACs and passage-3 GFP-BMSCs were used in the co-culture experiments at a ratio of 2:1 [16] . For co-culture without direct cell-cell contact, GFP-BMSCs were seeded onto Transwell inserts (six-well plates, BD Biosciences) with a 0.4-μm porous membrane and lowered into the wells with ACs. For co-culture with direct cell-cell contact, ACs and GFP-BMSCs were mixed directly and then seeded onto sixwell plates. ACs alone seeded onto six-well plates and GFPBMSCs alone seeded onto inserts were used as controls. The cell numbers seeded onto the wells and inserts are listed in Table 1 . Cells were cultured in Dulbecco's modified Eagle's medium: Nutrient Mixture F-12 (DMEM/F12; Gibco) containing 2 % foetal bovine serum (FBS; Gibco), 100 U/mL penicillin and 100 U/mL streptomycin. Co-cultures were maintained for three weeks and the medium was changed every three days.
Both ACs and GFP-BMSCs were separated by flow cytometry on day 21 of co-culture with direct cell-cell contact. The following cell samples were harvested: (1) ACs cultured alone; (2) ACs co-cultured without direct cell-cell contact; (3) ACs co-cultured with direct cell-cell contact; (4) GFP-BMSCs cultured alone; (5) GFP-BMSCs co-cultured without direct cell-cell contact; (6) GFPBMSCs co-cultured with direct cell-cell contact.
Quantitative real-time RT-PCR
Total RNA was extracted from cell samples using Trizol (Invitrogen). cDNA was synthesised from total RNA using an Omniscript RT kit (Qiagen). The mRNA levels for SRY (sex determining region Y)-box 9 (SOX-9), type II collagen (COL2), aggrecan, type I collagen (COL1) and type X collagen (COL10) were measured by quantitative real-time RT-PCR (Stepone realtime PCR Applied Biosystems) as described previously [16] . PCR was performed using specific primers designed from the published sequence of each cDNA, as listed in Table 2 .
Western blotting
The expression levels of SOX-9, COL2, aggrecan, COL10 and COL1 proteins from cell samples were analysed as described previously [16] . All the antibodies used for western blotting were from Abcam.
Statistical analysis
The statistical significance of differences was determined by one-way analysis of variance (ANOVA). The significance level was set at α= 0.05. IBM SPSS Statistics 19.0 was used for data analyses.
Results mRNA levels and protein expression of SOX-9, COL2 and aggrecan were significantly upregulated in both BMSCs and ACs co-cultured with or without direct cell-cell contact, compared with ACs and BMSCs cultured alone (p< 0.05, Figs. 2a-c and 3a-c) . SOX-9, COL2 and aggrecan mRNA levels and protein expression in ACs co-cultured with direct cell-cell contact were significantly higher than in ACs cocultured without direct cell-cell contact (p< 0.05, Figs. 2a-c  and 3a-c) . Similarly, the mRNA and protein expression of SOX-9, COL2 and aggrecan in GFP-BMSCs co-cultured with direct cell-cell contact were also significantly higher than in GFP-BMSCs co-cultured without direct cell-cell contact (p< 0.05, Figs. 2a-c and 3a-c) . After co-culture either with or without direct cell-cell contact, mRNA levels and protein expression of SOX-9, COL2 and aggrecan in GFP-BMSCs were significantly lower than in ACs in the equivalent co-culture systems (p< 0.05, Figs. 2a-c and 3a-c) . Though the expression of chondrocyte-specific proteins in GFP-BMSCs was enhanced, the protein expression was still much lower than in ACs cultured alone (Fig. 3a-c) . No significant mRNA and protein expression of COL10 was observed in ACs in any of the six samples (Figs. 2d & 3d) , but slight COL1 protein expression was observed in ACs (Fig. 3e) . COL10 mRNA and protein expression by GFPBMSCs was significantly downregulated after co-culturing (p< 0.05, Figs. 2d and 3d ). COL1 mRNA level by BMSCs was upregulated (p< 0.05, Fig. 2e ), and slight COL1 protein expression was detected in GFP-BMSCs co-cultured with direct cell-cell contact (Fig. 3e) .
Discussion
The ratio of chondrocytes to MSCs is an important factor in co-culture systems, and establishing the optimal ratio is key to successful co-culturing and construction of high-quality tissue-engineered cartilage [16] . Different experimental conditions of co-culture may lead to different optimal ratios. Richardson et al. [5] co-cultured human nucleus pulposus (NP) cells with human BMSCs at ratios of 3:1, 1:1 and 1:3, and found that co-culturing at a ratio of 3:1 increased mRNA expression of chondrocyte-specific markers. Fischer et al. [8] co-cultured human ACs with human BMSCs at ratios of 2:1 and 1:1, and found that co-culturing at a ratio of 2:1 increased the gene expression ratio of COL2 to COL10. Yang et al. [6] found that a chondrocyte/MSC-ratio of 63:1 was identified as the appropriate proportion that chondrocytes drive MSCs in chondrogenic development. In our previous study, ACs and BMSCs from rabbits were cocultured at ratios of 4:1, 2:1, 1:1, 1:2 and 1:4, and 2:1 was identified as the optimal ratio of ACs to BMSCs [16] . The culture conditions in our latest experiment were similar to those in our previous study [16] , and an AC:BMSC ratio of 2:1 was therefore adopted in this study. 
The idea of using MSCs for cartilage-tissue engineering originated because of their extensive proliferation capacity and chondrogenic differentiation potential. However, the benefits of using MSCs in tissue repair cannot be explained fully by their differentiation into tissue-specific cells. Our study demonstrated the existence of reciprocal interactions between ACs and BMSCs during co-culture; ACs could not only induce and promote the chondrogenic differentiation of BMSCs, but BMSCs could also stimulate and support ACs to express more chondrocyte-specific proteins.
However, the relative importance of the reciprocal stimuli between ACs and MSCs in enhancing cartilage matrix Fig. 2 Quantitative analysis of SOX-9 (a), COL2 (b), Aggrecan (c), COL10 (d) and COL1 (e) gene expression. Statistically significant differences were found by one-way ANOVA in all five genes. *p < 0.05, with a statistically significant difference between the two groups formation remains unresolved. Wu et al. [10] considered that cartilage-matrix deposition originated mainly from bovine ACs, and that the primary function of BMSCs was to provide nutrition in this xenogeneic co-culture system. However, their results may have been affected by the use of heterogeneic, rather than allogeneic cells, which might have hampered the response between different types of cells in co-culture. In this study, rat ACs and rat GFP-BMSCs were co-cultured. Our results suggest that ACs may contribute more to cartilagematrix formation in co-culture systems; i.e., compared with the inducing effect of ACs on BMSCs, the stimulating and supporting effects of BMSCs on ACs may play a more important role in enhancing cartilage-matrix formation.
In most co-culture experiments without direct cell-cell contact, the effect of soluble factors alone was sufficient to enhance cartilage-matrix formation and promote chondrogenic differentiation of MSCs. However, Richardson et al. [5] co-cultured human nucleus pulposus (NP) cells with human BMSCs for seven days and found that co-culturing without direct cell-cell contact resulted in no significant changes in matrix-gene expression, while co-culture with direct cell-cell contact significantly upregulated matrix-gene expression by both NP cells and MSCs. However, the co-culture duration was only seven days, which may partly explain why co-culture without direct cellcell contact had no significant effect in their experiments. Our results demonstrated that the effects of both soluble factors and direct physical contact play roles in the co-culture system. However, the relative importance of soluble factors and direct physical contact in enhancing cartilage-matrix formation remains unclear. Yamamoto et al. [14] co-cultured human NP cells with human BMSCs with or without direct cell-cell contact and reported increased expression of numerous soluble factors in co-cultures with direct cell-cell contact, compared to co-cultures without direct cell-cell contact. Concentrations of these soluble factors in conditional media have also been reported to be much lower than those used for conventional chondrogenic induction, and too low to induce efficient chondrogenic differentiation of BMSCs [20] . These results imply that the effects of soluble factors may be limited in co-cultures. The results of our study showed that mRNA expression levels of chondrocyte-specific markers in both ACs and GFP-BMSCs co-cultured with direct cell-cell contact were significantly upregulated (2-3-fold higher), compared with co-culturing without direct cell-cell contact. Coculture with direct cell-cell contact also increased the expression of chondrocyte-specific proteins compared to co-cultures without direct cell-cell contact. These results suggest that direct physical contact plays a predominant, or at least very important role, in enhancing cartilage-matrix formation and promoting BMSC chondrogenesis in co-cultures.
Conclusion
In AC/BMSC co-cultures, ACs can induce and promote the chondrogenic differentiation of BMSCs, while BMSCs can stimulate and support ACs to express more chondrocytespecific proteins. Compared to the inducing effect of ACs on BMSCs, the stimulating and supporting effects of BMSCs on ACs may play a more important role in enhancing cartilage-matrix formation. Soluble factors and direct physical contact both exert effects in co-culture, and both have a beneficial influence on chondrogenesis of BMSCs and cartilage-matrix formation. Direct physical contact appears to play a predominant, or at least very important role in AC/BMSC co-culture systems. 
